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The effect of heating isolated bean chloroplasts on the structure of their thylakoid membranes has been 
examined by freeze-fracture electron microscopy. A normal morphology of the membranes in which 
stacked grana can be observed is preserved up to 35°C. Incubation at 35-45°C causes complete destacking 
of the grana but no alteration in the distribution of the membrane-associated particles between the 
exoplasmic and protoplasmic fracture faces. Heating above 45°C causes phase-separation of non-bilayer 
lipids into aggregates of cylindrical inverted micelles. Bleaching experiments show that destacking is 
associated with disruption of chlorophyll-protein complexes of both photosystems I and II. The rate of 
electron transport through the photosystems is also perturbed. These results are discussed in terms of the 
role of non-bilayer lipids in packaging the membrane proteins. 
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1. INTRODUCTION 
The occurrence of non-bilayer lipid structures in 
aqueous dispersions of lipid mixtures in which one, 
or more, of the components tends to form inverted 
hexagonal (Hex II) structures when dispersed alone 
in water is now well established [l-9]. Given that 
many biological membranes contain high propor- 
tions of non-bilayer forming lipids similar struc- 
tures might be expected to be a common feature of 
such membranes. The thylakoid membranes of 
chloroplasts are particularly rich in these lipids; the 
non-bilayer-forming lipid monogalactosyldiacyl- 
glycerol accounting for -50% of the membrane 
lipid fractions [lo]. Freeze-fracture studies [l I] 
performed on aqueous dispersions of polar lipid 
extracts of these membranes have revealed a wide 
range of non-bilayer structures, including spherical 
and cylindrical inverted micelles sandwiched 
within lipid bilayers and quasi-crystalline micellar 
arrays. However, under normal conditions, no 
corresponding structures are observed in the 
thylakoids themselves [121. 
Studies of binary mixtures of mono- and di- 
galactosyldiacylglycerol in aqueous media [9] sug- 
gested that increasing temperature favours the for- 
mation of non-lamellar structures whereas low 
temperature causes the mixture to assume a com- 
pletely lamellar phase. We have examined the ef- 
fect of thermal stress on chloroplast membranes to 
determine the effect of a shift in equilibrium 
towards creation of non-lamellar lipid structures 
within the intact membrane. We show that non- 
bilayer structures of the type seen in lipid disper- 
sions can be induced to form in chloroplast 
thylakoid membranes by mild heat treatment. 
Their formation is accompanied by major changes 
in both chloroplast organisation and function. It is 
argued that the non-bilayer lipids play a major 
structural role in the chloroplast associated with 
the packaging of pigment-protein complexes in 
the thylakoid membrane. 
2. EXPERIMENTAL 
Chloroplasts were isolated from fresh leaf tissue 
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of 4-5 weeks post-emergent broad beans (Mcia toplasmic faces of the stacked and unstacked 
faba cv. Aquadulce) by the method in [13]. regions. Samples heated to 40°C show a very dif- 
Following incubation at a designated temperature, ferent organisation (fig.lb,c). No grana stacks are 
the samples were equilibrated at 25°C thermally seen and the thylakoids assume a concentric ar- 
quenched by immersing in a slurry of N2 and frac- rangement with relatively few attachment sites bet- 
tured at - 115°C in a Polaron freeze-fracture ween membrane surfaces. The distribution of 
device. Comparison with samples thermally 17 nm and 11 nm particles between the exoplasmic 
quenched from their incubation temperature gave and protoplasmic fracture-faces, however, is re- 
essentially the same results. Replicas were cleaned tained and the fracture-plane tends to expose each 
with bleach, washed, dried and examined in a membrane fracture-face alternately indicating that 
Philips EM 301 electron microscope. the membranes have become destacked. 
Photosystem II (PSII)-mediated electron 
transport was monitored by measurements of the 
reduction of dichlorophenol-indophenol (DCPIP) 
as in [14] in the presence or absence of 0.3 mM 
diphenylcarbazide as a substitute electron donor 
for H20. PSI-mediated electron transport was 
measured by recording the uptake of oxygen 
associated with electron flow from reduced DCPIP 
to methyl viologen (MV) in the presence of 6 PM 
dichlorophenyldimethylurea to block PSI1 activi- 
ty. Full-chain electron transport was determined as 
the rate of oxygen uptake associated with electron 
transport from HZ to MV as in [15]. Chloroplasts 
were uncoupled with 5 mM NH&l. All assays 
were performed at 25°C using either a Cecil CE272 
spectrophotometer or a Hansatech (UK) oxygen 
electrode assembly. Absorption spectra were 
recorded using a Perkin Elmer 124 Double Beam 
Spectrophotometer fitted with an integrating 
sphere. 
3. RESULTS 
Increasing the incubation temperature to 
>45”C leads to an extensive phase separation of 
non-bilayer lipids (fig. Id) involving the formation 
of three-dimensional aggregates of cylindrical 
inverted micelles. The individual micelles are 
8-10 nm diam. and the aggregates, which usually 
take the form of closed whorls, are typically 
50-200 nm across. They closely resemble struc- 
tures observed in freeze-fracture replicas prepared 
from dispersions of total polar lipid extracts of 
chloroplasts [1 l] and negatively stained dispersions 
of mixtures of monogalactosyl and digalactosyl- 
diacylglycerols [7]. Aggregates of spherical in- 
verted micelles of the type seen in such dispersions 
were not, however, observed in the native mem- 
brane preparations. Non-bilayer structures were 
not found in replicas prepared from chloroplasts 
incubated at ~45°C. Following a 5 min incuba- 
tion at 50°C however, 75% of the chloroplasts 
contained non-bilayer structures indicating that a 
major rearrangement of the chloroplast lipids oc- 
curs over 45-50°C. The thermal destacking and 
phase separation processes were both irreversible. 
The structural consequences of thermal stress in 
suspensions of broad bean chloroplasts were ex- 
amined using freeze-fracture electron microscopic 
techniques. Typical electron micrographs showing 
some of the main structural features of broad bean 
chloroplasts that have been incubated at up to 
35°C 35-45°C and ~45°C for 5 min are shown 
in fig. 1. Chloroplasts incubated at 5 35°C (fig. la) 
show no discernible changes in morphology with 
respect o non-heated controls. Grana stacking and 
the usual distribution of intramembranous par- 
ticles can be clearly observed. Larger (17 nm 
diam.) particles, mainly located in the stacked 
granal membranes, are seen in the exoplasmic 
fracture-faces and smaller (11 nm diam.) particles 
are distributed fairly evenly throughout the pro- 
Functional changes associated with heat-induced 
structural changes were investigated by measuring 
rates of electron transport in chloroplast thylakoid 
membranes after incubation at elevated 
temperatures. The effect of heat treatment on rates 
of PSI- and PSII-mediated electron transport are 
shown in fig.2. In agreement with [ 16-221, we find 
that such treatment increases the rate of PSI- 
mediated electron transport (DCPIPHZ-MV) 
and decreases the rate of PSII-mediated transport 
(H20--+DCPIP). Inhibition of PSI1 activity can 
be partially restored by use of diphenylcarbazide, 
an electron donor in place of water [ 161. However, 
even in the presence of diphenylcarbazide, PSI1 
activity is lost if the samples are heated above 
44-45°C. Measurements of full-chain electron 
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Fig. 1. Electron micrographs of freeze-fracture replicas of chloroplasts incubated for 5 min at different emperatures 
prior to thermal quenching. Samples incubated at 35°C (a) show extensive grana stacking (GS) and the usual distribution 
of intramembranous particles between the exoplasmic (EF) and protoplasmic (PF) fracture faces of the membranes. 
Chioroplasts at 40°C (b) show extensive destacking of the thylakoid membrane and a few attachment sites (AS) 
remaining between membrane surfaces. At higher magnification (c) the EF faces of the membranes at these attachment 
sites are seen to lack the usual -17 nm diam. particles, the PF faces (not shown), in contrast, contain many 9-l 1 nm 
diam. particles. Chloroplasts incubated at 50°C (d) reveal the formation of large aggregates of cylindrical inverted 
micelles. 
transport (HzO--+MV) under coupled and un- 
coupled conditions (fig.2) confirm earlier reports 
of heat-dependent uncoupling [ 17-221. All these 
changes in activity, it must be emphasized, appear 
to take place over the same temperature range as 
the destacking process described above, suggesting 
the existence of a direct link between the structural 
and functional changes. 
Spectral studies of heat-treated chloroplast 
suspensions have indicated that the 
chlorophyll-protein complexes of PSI are 
destabilized at high temperatures. Exposure of pre- 
heated chloroplasts to strong white light, for exam- 
ple, leads to a substantial bleaching in both the 
blue and the red regions of the spectrum (fig.3). 
The difference spectrum obtained by subtraction 
of the absorption spectrum of the illuminated sam- 
ple from that of the non-illuminated control shows 
maxima at about 440,490 and 680 nm. The loss of 
absorption at around 680 nm appears to reflect a 
preferential bleaching of P7OO/chlorophyll Q pro- 
tein (the major chlorophyll-protein complex of 
PSI) which absorbs maximally in this wavelength 
region [23]. Chlorophyll b absorbing maximally 
around 650 nm, does not appear to be bleached 
suggesting that the chlorophyll a/chlorophyll b 
light-harvesting protein (LHCP) associated with 
PSI1 is not photolabile under these conditions. The 
changes observed in the blue region of the spec- 
trum are more complex probably reflecting the for- 
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Fig.2. Plots showing the effect of 5 min incubation at 
different temperatures on the rates of (a) uncoupled 
PSII-mediated electron transport in the presence (w) and 
absence (0) of diphenylcarbazide and PSI mediated 
electron transport (0). (b) The relative rates of coupled 
and uncoupled full-chain electron transport. 
I I I I 
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Fig.3. Absorption of: (a) broad bean chloroplasts 
incubated at 42°C for 5 min prior to measurements; (b) 
the same sample after 15 min illumination with white- 
light (intensity 1.1 W .m-‘) at 25°C; (c) difference 
spectrum obtained from (b)-(a). 
mation of chlorophyll degradation products 
absorbing at these wavelengths. Measurements of 
chlorophyll bleaching as a function of incubation 
temperature are presented in fig.4. They show that 
Incubation temperature (“C 1 
Fig.4. Plots showing the effect of 15 min white-light 
illumination on absorption at 680 nm and rates of PSI- 
mediated electron transport (DCPIPH2*MV) of 
chloroplast samples incubated for 5 min at different 
temperatures. Heated but non-illuminated samples were 
used as controls. 
the threshold temperature for chlorophyll 
bleaching is 3540°C. It is noteworthy that the 
lability of these pigments is reduced at > 45°C; the 
temperature range in which extensive phase- 
separation of the non-bilayer lipids is observed. 
Parallel measurements of PSI-mediated electron 
transport show similar effects confirming that the 
bleached pigments are indeed associated with PSI. 
4. DISCUSSION 
In [24] we suggested that the presence of non- 
bilayer lipids is required to package the light- 
harvesting units of PSI and PSI1 (equivalent 
n/r, -1000-5000 x 103) into the chloroplast mem- 
branes. Furthermore, the maintenance of an ap- 
propriate balance between bilayer and non-bilayer 
forming lipids is supposed to be a major constraint 
on the temperature lability of the thylakoid mem- 
brane [ 111. Studies on model systems [2,9] indicate 
that non-bilayer forming lipids have an increased 
tendency to phase-separate athigher temperatures. 
In the case of the thylakoid membrane, this 
tendency appears to manifest itself first in a 
destabilisation of the chlorophyll-protein com- 
plexes of the two photosystems and then, at slight- 
ly higher temperatures, in a phase-separation of 
the non-bilayer forming lipids. The loss of func- 
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tional activities associated with these structural 
changes is clearly evident here. It was originally 
thought that loss of the ability of chloroplasts to 
evolve 02 following heat treatment was due to a 
breakdown of electron transport between the 
water-splitting enzyme and the reaction centre of 
PSI1 [la] and specifically the disruption of a pro- 
tein on the donor side of PSI1 [25]. Other studies 
based on fluorescence measurements [26,27] have 
tended to favour the idea that heat-treatment 
disrupts interactions between different com- 
ponents of the PSI1 light-harvesting system and the 
PSI1 reaction centres. One of the major com- 
ponents of this light-harvesting system is LHCP 
which, in addition to its light-harvesting role, is 
believed to play an important role in grana stack- 
ing [29]. The fact that loss of PSII-mediated elec- 
tron transport is accompanied by simultaneous 
destacking of the grana membranes argues strong- 
ly that heat-treatment results in major changes in 
the local environment of this protein. 
The involvement of non-bilayer lipid-protein 
interactions may explain why, despite their spatial 
separation, PSI and PSI1 show very similar 
threshold temperatures for their changes in 
electron-transport activity (fig.2,4). It also ac- 
counts for earlier observations that these threshold 
temperatures can be readily modified by altera- 
tions in the growth temperature of the plants from 
which the chloroplasts are isolated [ 19,20,29]. 
Such changes, whilst unlikely to affect the stability 
of the pigment-protein complexes themselves, are 
known to lead to alterations in lipid composition 
[30] and/or lipid-protein ratios [3 11. 
We have shown that, in addition to thermal 
stress, non-bilayer structures can be induced to 
form in chloroplast membranes by freeze-thawing 
and ageing (unpublished). Other workers have 
observed, but not recognised, similar structures in 
thylakoids washed with guanidinium 
hydrochloride [32] or exposed to high [Mg”] [33]. 
Non-bilayer structures have also been found in the 
membranes of partially dehydrated visual rod 
outer segments [34,35], sarcoplasmic reticulum 
[36] and liver mitochondria treated with high 
[Mn2’] [37]. It would appear that any treatment 
tending to destabilise lipid-protein interactions is 
likely to induce phase-separations in membranes 
rich in non-bilayer lipids. If this is indeed the case, 
a better understanding of the precise role of such 
lipids within biological membranes must be a mat- 
ter of prime importance. 
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